Abstract: MiaB is a member of the methylthiotransferase subclass of the radical S-adenosylmethionine (SAM) superfamily of enzymes, catalyzing the methylthiolation of C2 of adenosines bearing an 2+ cluster to the [4Fe-4S] + state is accomplished by the flavodoxin reducing system. Most mechanistic studies of MiaBs have been carried out on the enzyme from Thermotoga maritima (Tm), which lacks the flavodoxin reducing system, and which is not activated by E. coli flavodoxin. However, the genome of this organism encodes five ferredoxins (TM0927, TM1175, TM1289, TM1533, and TM1815), each of which might donate the requisite electron to MiaB and perhaps to other radical SAM enzymes. The genes encoding each of these ferredoxins were cloned, and the associated proteins were isolated and shown to support turnover by Tm MiaB. In addition, TM1639, the ferredoxin-NADP + oxidoreductase subunit α (NfnA) from Tm was overproduced and isolated and shown to provide electrons to the Tm ferredoxins during Tm MiaB turnover. The resulting reactions demonstrate improved coupling between formation of the 5 0 -dA• and ms 2 i 6 A production, indicating that only one hydrogen atom abstraction is required for the reaction.
Abstract: MiaB is a member of the methylthiotransferase subclass of the radical S-adenosylmethionine (SAM) superfamily of enzymes, catalyzing the methylthiolation of C2 of adenosines bearing an 2+ auxiliary cluster. In Escherichia coli and many other organisms, re-reduction of the [4Fe-4S] 2+ cluster to the [4Fe-4S] + state is accomplished by the flavodoxin reducing system. Most mechanistic studies of MiaBs have been carried out on the enzyme from Thermotoga maritima (Tm), which lacks the flavodoxin reducing system, and which is not activated by E. coli flavodoxin. However, the genome of this organism encodes five ferredoxins (TM0927, TM1175, TM1289, TM1533, and TM1815), each of which might donate the requisite electron to MiaB and perhaps to other radical SAM enzymes. The genes encoding each of these ferredoxins were cloned, and the associated proteins were isolated and shown to support turnover by Tm MiaB. In addition, TM1639, the ferredoxin-NADP + oxidoreductase subunit α (NfnA) from Tm was overproduced and isolated and shown to provide electrons to the Tm ferredoxins during Tm MiaB turnover. The resulting reactions demonstrate improved coupling between formation of the 5 0 -dA• and ms
Introduction
The radical S-adenosylmethionine (SAM) superfamily of enzymes catalyze a wide variety of reactions, almost all of which require the intermediacy of a 5 0 -deoxyadenosyl 5 0 -radical (5 0 -dA•), a potent oxidant.
The most common role for the 5 0 -dA• is to abstract -(isopentenyl)adenosine, which is found in most tRNAs that decode codons with a leading uridine. The resulting 2-methylthio-N 6 -(isopentenyl)adenosine (ms 2 i 6 A), like many RNA modifications found within the anticodon stem loop, confers improved codon-anticodon base-pairing and results in decreased reading frame-shift errors in a codonspecific manner. Defects in the gene encoding its human homolog, CDK5RAP1, have been linked to mitochondrial myopathy and cardiac dysfunction. [1] [2] [3] [4] [5] [6] Like other members of the RS MTTase subclass of enzymes, MiaB harbors two essential [4Fe-4S] clusters ligated by two strictly conserved cysteinecontaining motifs, and both clusters display 2+/1+ redox couples. The cluster ligated by the cysteinecontaining motif within the N-terminal domain of MiaB is termed the auxiliary cluster ([4Fe-4S] aux ), while the second cluster, ligated by cysteinyl residues in the hallmark CX 3 
CX 2 C RS motif, binds SAM and is termed the RS cluster ([4Fe-4S] RS ). In the reduced [4Fe-4S]
1+ state, the RS cluster promotes the reductive cleavage of SAM to form [4Fe-4S] 2+ , methionine, and a 5 0 -dA•, an intermediate in almost all RS reactions. In Escherichia coli (E. coli) and many other organisms, the flavodoxin reducing system, composed of flavodoxin and flavodoxin reductase, with electrons ultimately deriving from NADPH, reduces the [4Fe-4S] 2+ cluster to the 1+ oxidation state. However, in organisms that lack the flavodoxin reducing system, such as the Gram-negative hyperthermophile Thermotoga maritima, the source of electrons required to reduce the [4Fe-4S] 2+ cluster is unknown.
While in vitro studies of numerous RS enzymes, including MiaB, have been conducted using artificial chemical reductants such as dithionite and reduced methyl viologen to supply electrons to the RS cluster, the use of these reductants often leads to side reactions, such as the reductive cleavage of SAM without substrate-based catalysis. 7 The use of the physiological flavodoxin/flavodoxin-reductase reducing system may decrease the extent of this abortive cleavage, as observed with other RS enzymes 8, 9 ; however, Tm MiaB is inactive in the presence of E. coli flavodoxin, prompting our search for a homologous reducing system in the hyperthermophile's genome. Tm lacks a flavodoxin homolog; however, a number of ferredoxins are encoded in the organism's genome, some of which have already been characterized. 8 Both ferredoxins and flavodoxins transport electrons in numerous cellular reactions despite their differences in size, structure, and functional cofactors. Whereas ferredoxins are small (typically <100 amino acid) proteins with Fe/S clusters, flavodoxins are larger (~170 amino acids) and contain flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) cofactors, and neither shares similar secondary structure or tertiary folds. 10 However, both proteins possess similar negatively charged surface domains near their active sites that are purported to allow for their interchangeability among binding partners. 10 Indeed, work conducted with the cyanobacteria Anabaena reducing systems indicates that flavodoxins and ferredoxins are interchangeable in reducing Photosystem I and share similar active site electrostatic alignment. 10 Ferredoxins are small, acidic, non-heme Fecontaining cytosolic proteins tasked with the role of electron transport from a donor to an acceptor partner protein. These proteins are typically expressed under conditions when iron is not limiting. They participate in cellular energy metabolism and are involved in a variety of pathways ranging from glycolysis, respiration, and nucleic acid and amino acid synthesis. Additionally, ferredoxins are involved in the assembly of iron-sulfur (Fe/S) clusters themselves. 10 Unlike the flavin-dependent electron carriers that perform similar roles in electron transfer, ferredoxins contain one or more redox-active Fe/S clusters in place of flavin cofactors. 10 These Fe/S clusters are found in a variety of configurations. 16 In contrast, the ferredoxin isolated from Allochromatium vinosum typifies the second subclass of twocluster ferredoxins, which are longer (approximately 82 amino acids) and are termed Alvin-like. These ferredoxins coordinate one cluster with a with a CX 2 CX 2 CX N CP binding motif and a second cluster with a motif containing a 6 amino acid insert between the second and third cysteinyl residues, resulting in a CX 2 CX 8 CX N CP motif. 16, 17 Structurally, Alvin-like ferredoxins contain an additional C-terminal extension forming an elongated α-helix that is typically absent in more compact Clostridial-like ferredoxins. However, in both subclasses of bacterial-type ferredoxins, the distance between both clusters remains conserved at approximately 12 Å from their centers or about 6 Å from their edges, which has been proposed to facilitate electron transfer. 18 The majority of proteins containing redox-active [4Fe-4S] clusters participate in a 2+/1+ redox couple and possess reduction potentials as low as −700 mV. A smaller subset of FeS cluster-containing proteins contains a high-redox potential iron-sulfur protein (HiPIP) cluster that participates in a 3+/2+ transition. The HiPIP clusters have a much higher redox potential, which has been observed in the range of +50 to +450 mV. 19, 20 The ferredoxin binding site has not been conclusively determined, but is postulated to be adjacent to the terminal [4Fe-4S] cluster of TM1640. 25 In the proposed mechanism for TM1639/TM1640, NADPH binds to TM1640 near the β-FAD, transferring two electrons via a hydride to generate β-FADH − and a molecule of NADP + that dissociates from the active site ( α-FAD. However, TM1639 was found to be capable of reducing TM0927 in the absence of TM1640, and was therefore used in combination with NADPH and other ferredoxins found in Tm as a coupled reducing system. This reducing system may also function in the transport of electrons to RS enzymes such as Tm MiaB, which demands elevated temperatures in order to catalyze methylthiolation of its RNA substrates efficiently. Although previous work has demonstrated the use of E. coli flavodoxin, flavodoxin reductase and NADPH as an electron donor system in vivo and in vitro, these proteins are temperature sensitive and do not support robust catalysis at high temperature. As such, Tm MiaB activity assays were previously limited to the use of artificial chemical reductants such as dithionite and methylviologen, which support catalysis but often lead to uncoupling of 5 0 -dA and ms
A formation. The inconsistent stoichiometry of these products can hinder the mechanistic interpretation of reactions. The use of the ferredoxin reducing system for thermophilic enzymes such as Tm MiaB in vitro may reduce the uncoupling of product formation and assist in the mechanistic investigation of Tm MiaB.
In this work, we express, purify and characterize five ferredoxins (TM0927, TM117, TM1289, TM1533, and TM1815) from Tm, the last four of which have not been studied previously. We demonstrate that each of these ferredoxins can support Tm MiaB-catalyzed methylthiolation in in vitro reactions using the α-subunit alone of the ferredoxin-NADH-oxidoreductase, and we show that the reductase is capable of reducing ferredoxins in instances in which dithionite cannot. Using the ferredoxin reducing system, we demonstrate improved coupling between 5 0 -dA formation and ms 2 i 6 A generation relative to using an artificial chemical reductant, which provides improved insight into the stoichiometry of the reaction. In our subsequent paper, we describe the redox characteristics of the ferredoxins that may rationalize their reactivity pattern with MiaB.
Results

Bioinformatic identification of Tm ferredoxins
Genes corresponding to ferredoxins within the Tm genome were identified using the NCBI pBLAST search algorithm using the ferredoxin sequences from E. coli as a search query. 26 The resulting ferredoxin sequences were confirmed based on sequence annotation using protein BLAST (pBLAST) and conservation of Fe/S cluster binding motifs determined by protein family domain (PFAM) annotation. The candidate sequences and their NCBI accession numbers were checked for redundancy by sequence alignment, resulting in the identification of five unique ferredoxins: TM0927, TM1175, TM1289, TM1533, and TM1815.
Overproduction and UV-visible absorbance of Tm ferredoxins and ferredoxin-NADP
The relative purities of the ferredoxins and ferredoxin reductase are estimated to be at least 90% based on analysis by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 3) . The estimated sizes of the hexahistidine-tagged ferredoxins were determined by molecular weight calculation using the ExPASy server 27 as follows: TM0927 (8.2 kDa), TM1175 (9.4 kDa), TM1289 (12.3 kDa), TM1533 (12.7 kDa), TM1815 (17.7 kDa), and TM1639 (33.1 kDa). Typical yields obtained from 16 L of culture in M9 minimal media ranged from 2 to 20 mg for ferredoxins and 50 to 100 mg for ferredoxin reductase, as determined by the method of Bradford using BSA as a standard. The UV-visible spectra obtained for purified ferredoxins indicate maximum absorbances at 304 nm (TM0927), 274 nm (TM1175), 283 nm (TM1289), 284 nm (TM1533), and 279 nm (TM1815), corresponding to the absorbance of aromatic amino acids within the polypeptide chain Fig. 4 ). The lack of Tyr or Trp residues in TM0927 results in a λ max that is contributed from the 304 nm band of the [4Fe-4S], while the presence of four Tyr residues in TM1175 results in a λ max at 274 nm. The remainder of the ferredoxins contains multiple Trp residues that contribute the most to the λ max of their absorbance spectra. 27 In addition, all ferredoxins contained a broad absorbance feature centered around~400 nm, consistent with the charge transfer bands of [4Fe-4S] clusters, as has been observed in spectra of previously reported ferredoxins. 28 The method of Beinert et al. was used to quantify the Fe and sulfide content per ferredoxin polypeptide chain and yielded the following values 32, 33 : TM0927 (4.7 AE 0.1 Fe per monomer), TM1289 (6.9 AE 0.3 Fe per monomer), TM1533 (7.4 AE 0.3 per monomer), TM1815 (7.4 AE 0.3 Fe per monomer), and TM1175 (6.3 AE 0.5 Fe per monomer). The Fe content per protein was determined based on protein concentration by the method of Bradford and was approximately equal to one cluster in TM0927 and two clusters in the remaining ferredoxins. 34 However, the absence of correction factors for the Bradford protein analysis lends some uncertainty to these estimates, as was shown with Tm MiaB, which overestimates the concentration by nearly 50% (correction factor of 1.47). 35 Therefore, EPR spectroscopy and electrochemistry were also used to characterize the cluster content in the isolated proteins. In addition, the UV-visible absorbance spectrum of the ferredoxin reductase was used to estimate the incorporation of FAD into the polypeptide based on its molar absorptivity (ε 450 nm = 11,300 M −1 cm −1 ). The fraction of the ferredoxin reductase containing the FAD cofactor was found to increase from 0.25 in the as-isolated protein to 0.80, after anaerobic reconstitution. The concentration of FAD bound to the ferredoxin reductase after incubation for 2 h at 4 C and gel filtration to remove unbound small molecules was assumed to be the concentration of active enzyme for the ferredoxin reductase in subsequent activity assays.
Assessing the minimum reducing system components that support MiaB activity
To determine the minimal reducing system requirements to support MiaB activity, MiaB was incubated with a ferredoxin, TM0927, the reductase, TM1639, or both, in the presence of substrate i 6 A tRNA and SAM. The reducing system consisting of NADPH and either ferredoxin, the reductase, or both, was incubated for 15 min at 65 C prior to the addition of MiaB. When TM1639 was omitted in the reaction, formation of 5 0 -dA and ms 2 i 6 A was barely detectable.
This observation is consistent with the requirement for an electron to generate the 5 0 -dA• intermediate [ Fig. 5(A) ], which is ultimately derived from NADPH and is mediated by the reductase. Interestingly, When TM0927 was omitted from the reaction [ , respectively) were nearly double that in reactions containing only the reductase, indicating that the addition of ferredoxin to the reaction mixtures increased the final concentration of product. This behavior is in contrast to the results of previously reported reactions, in which dithionite was used to supply the requisite electron. In those instances, although one equivalent of ms 2 i 6 A is generated, approximately 1.3-fold more 5 0 -dA is formed, likely due to the unproductive abortive cleavage of SAM triggered by substrate binding. 35 
Comparison of Tm ferredoxin activity with MiaB
To quantify the ability of the Tm ferredoxins to support Tm MiaB activity, the conversion of the synthetic Tm tRNA Phe IV (UAA) substrate containing i 6 A into the ms 2 i 6 A product was monitored under turnover conditions using the coupled reducing system (Fig. 6) . At designated time points, aliquots of the reaction mixture were removed and treated with acid to quench the reaction, which was then titrated to an appropriate pH for further manipulation. The RNA was digested, and the nucleotides were dephosphorylated and subjected to analysis by LC/MS as previously described. 35 A temperature dependence of product formation was observed, with reactions conducted at 25 C and 37 C generating a marginal amount of ms 2 i 6 A, while reactions conducted at 65 C and 80 C, which approaches the optimal growth temperature of Tm (90 C), generated more product with faster initial rates. 28 However, the co-substrate SAM was unstable in reactions conducted at 80 C within the time frame of these reactions. Therefore, reaction temperatures were limited to 65 C. Additionally, reactions that contained a 1:1 stoichiometry of ferredoxin and ferredoxin reductase generated more ms 2 i 6 A at faster initial rates than those in which either component was substoichiometric. Reactions in which the reducing system was incubated prior to addition of MiaB supported product formation at faster initial rates than when all components were added simultaneously. 36 This behavior is likely due to pre-reduction of the reductase by hydride transfer from NADPH to yield the two-electron reduced hydroquinone state of FAD prior to successive single electron transfers to the ferredoxins, which may be rate-limiting due to the absence of the reductase β-subunit. In MiaB reactions containing the coupled reducing system, TM0927 was found to support the greatest turnover, generating nearly one equivalent of the ms 2 i 6 A product (~44 μM) at an estimated initial rate 0 -dA and ms 2 i 6 A was observed, which is in contrast to reactions using dithionite, in which a greater degree of uncoupling was observed. Although the coupled reducing system clearly supports the reduction of MiaB, the compatibility between the reductase and each ferredoxin may lead to differences in product formation. Therefore, in a separate series of experiments, the reductase was excluded and the ferredoxins were reduced with dithionite and then subjected to anaerobic gelfiltration chromatography to remove excess reducing equivalents prior to adding them to MiaB reactions (Fig. 7) . In these reactions, TM0927 supported the formation of 1.4 equivalents (72 μM) of ms 2 i 6 A within 30 min of reaction initiation. Here, product was formed at an initial rate of 11.7 μM min −1 , which is approximately three-fold faster than the rate obtained using the full reducing system. This behavior may indicate that either the rate of FAD reduction in TM1639 or the rate of electron transfer to TM0927
is limiting compared to electron transfer to MiaB. The formation of 5 0 -dA, however, was still coupled to that of product formation (13.2 μM min −1 ), as observed with the full reducing system. However, product formation by MiaB varied considerably among the remaining ferredoxins. Although TM1175 supported formation of nearly one equivalent of product (48 μM) at an initial rate of 6 μM min −1 , it generated 1.4 equivalents (72 μM) of 5 0 -dA at a rate that was almost twice that of ms 2 i 6 A formation (10 μM min −1 ), indicating that decoupling occurred.
Similar reactions with the remaining ferredoxins showed significantly lower support for MiaB Figure 8 . X-band CW EPR spectra of reconstituted Tm ferredoxins at low temperature (10 K) with 0.2 mW microwave power and 9.48 GHz microwave frequency. Dithionite-reduced samples contained 400 μM TM0927 (A); 100 μM TM1175 (C); 100 μM TM1815 (D); 100 μM TM1289 (E); and 300 μM TM1533 (G). Non-reduced samples contained 400 μM TM0927 (B); 100 μM TM1289 (F); and 300 μM TM1533 (H).
turnover. TM1289 supported only 0.3 equivalents of ms 2 i 6 A (13 μM) formation, while TM1533 and TM1815 yielded less than 0.1 equivalents of product (approximately 5 μM each).
Electron paramagnetic resonance spectroscopy
Low temperature X-band continuous-wave EPR was used to characterize the Fe/S cluster cofactors of ferredoxins in dithionite-reduced and non-reduced samples. The spectrum of the dithionite-reduced TM0927 at pH 7.5 shows a signal with rhombic geometry and corresponding g-tensor principle values g x = 1.88, g y = 1.93, . The sequence alignment between TM1815 and the Aa ferredoxin indicates 37% sequence identity and 44% coverage; and (E) TM1533 based on the conserved sequence alignment with an electron transfer-ubiquinone oxidoreductase (PDB 2GMH) from porcine mitochondria, which share 37.8% sequence identity and 80% sequence coverage. The primer sequences contain an underlined region corresponding to NdeI restriction cleavage site for forward primers, or NotI restriction cleavage sites for reverse primers, and are preceded by a 9-base pair GC clamp sequence.
0.01 spins/protein. Such species were not observed in TM0927 and TM1533. Simulations of EPR spectra are provided in Figure 9 and Table I .
Discussion
MiaB, as with other members of the RS enzyme superfamily, requires an electron to generate the reduced [4Fe-4S] 1+ state of the conserved RS cluster responsible for coordinating and cleaving SAM to generate the 5 0 -dA• necessary for catalysis. Previous work demonstrated that RimO from Bacteriodes thetaiotaomicron, another member of the MTTase family of RS enzymes, can use the E. coli flavodoxin and flavodoxin-reductase system to supply the requisite electrons for catalysis. 6, 37, 38 However, experiments conducted with Tm MiaB or Tm RimO and the E. coli flavodoxin reducing system at 25 C indicated very limited product formation. Further, analysis of the Tm genome by BLAST sequence alignment with E. coli flavodoxin did not identify corresponding genes in this organism. In contrast, prior to our current study, the ferredoxin TM0927 had been identified and well characterized, 28, 29, 39 with the implied function as a redox partner with ferredoxin-NADP + -oxidoreductase (TM1639). 23, 25 However, a complete view of the ferredoxin profile of Tm had yet to be achieved, inspiring our studies of the reactivity of all Tm ferredoxins with Tm MiaB at elevated temperatures.
All five of the ferredoxins studied here (TM0927, TM1175, TM1289, TM1533, and TM1815) were initially assessed for the types of Fe-S clusters they harbor. While the structure of TM0827 was already available [ Fig. 10(A) ], the SWISS-MODEL database was used to predict an overall fold and potential for [4Fe-4S] cluster binding for the other four ferredoxins [ Fig. 10(B-E) ]. All four additional ferredoxins were presumed to bind two [4Fe-4S] clusters due to their comparable size and sequence similarity to clostridial-like ferredoxins that also coordinate two cubane clusters through conserved CX 2 CX 2 CX N CP binding motifs. While some of the cluster binding motifs in the Tm ferredoxins differ from clostridial orthologues, with short amino acid inserts, all contain four cysteinyl residues and no obvious alternative cluster ligands, suggesting the presence of 2 [4Fe-4S] clusters only.
The cluster content of all five ferredoxins produced in E. coli was verified by measuring the iron and sulfide content as well as by optical and EPR measurements. While the former of these experiments was consistent with full cluster loading (given the errors associated with the elemental and protein concentration determination), the optical spectra (Fig. 4) revealed the relatively featureless, broad absorption feature centered at~400 nm associated with [4Fe-4S] clusters. Measurement of the EPR spectra required reducing such [4Fe-4S] clusters to the 1+ oxidation state. While the single clustercontaining TM0927 could be cleanly reduced with dithionite, in all other cases, only partial reduction could be achieved. For TM1175, apparently a single [4Fe-4S] cluster could be reduced (0.8 spin/protein), while TM1289, TM1533, and TM1815 all showed only small amounts of reduction (less than 0.5 spin/protein in all cases), indicating that low redox potentials or unfavorable redox kinetics must be at work for these proteins. In the case of these last three ferredoxins (TM1289, TM1533, and TM1815), multiple species were identified in the EPR spectrum, indicating that while reduction of a single cluster is not complete, partial reduction of each cluster may be attained upon treatment with dithionite.
The apparent functionality of these ferredoxins in supporting MiaB catalysis further bore out their apparent differences in redox chemistry. The optimal reducing system required to support turnover by MiaB was a ferredoxin, a reductase (TM1639), the i 6 A tRNA substrate, and SAM, where the reducing equivalents that flowed through the reductase were supplied by NADPH. We note that the reductase itself has some ability to support MiaB catalysis in the absence of a ferredoxin partner. Using the crystallographically characterized TM0927 ferredoxin, it was clear that the best rates (and excellent coupling between SAM usage and product methylthiolation chemistry) could be achieved when all components of the reducing system were in place [ Fig. 5(C) ]. Side-by-side comparisons were then conducted by examining the kinetics and yield of product formation for both 5 0 -dA and ms A by keeping all of the components the same except for the identity of the ferredoxin component. In these experiments (Fig. 6) , the single [4Fe-4S] cluster protein TM0927 was found to support the largest yield of products (effectively one equivalent) at the fastest rate; however, all ferredoxins were able to support catalysis to some extent. The next most capable was TM1533, which supported catalysis with rates that were diminished by less than 50%, and still supported nearly the equivalent amount of final ms 2 i 6 A product. The other three ferredoxins, which all contained 2 [4Fe-4S] clusters, supported turnover at rates approximately 50% slower than TM0927 and produced only 50% as much product.
These initial experiments suggested that the coupling system was nearly invariant in terms of the ferredoxin employed. To probe this issue further, we then turned toward pre-reducing the ferredoxins initially with dithionite (Fig. 7) . In this context, the extent of turnover (and the associated rate) appears to scale with the extent of reduction of each ferredoxin, as determined by EPR. TM0927, the most reduced Fd (TM0927), supported the formation of 1.4 equivalents of the tRNA product, which was fully coupled to the cleaved product of SAM, and at rates three-fold faster than the full reductase-based system. The four 2 [4Fe-4S] ferredoxins (all poorly reduced by dithionite) also supported turnover poorly. Ferredoxin TM1175 was the most successful. It was the most reduced of the 2 [4Fe-4S] ferredoxins as determined by EPR (0.8 spin/protein), and it yielded 1.0 equivalent of product, but 1.4 equivalents of 5 0 -dA (at a rate unsurprisingly higher than that of ms A product formed in reactions with these ferredoxins was unsurprisingly low, hovering between 0.1 and 0.3 equivalents of the tRNA-based product.
We note that in contrast to the low methylthiolation activity observed with dithionite-reduced ferredoxins, particularly those containing 2 [4Fe-4S] clusters, reactions with the same proteins yielded more product formation (about 0.5-0.6 equivalents) when the reductase was present. This conclusion is supported by the inability of dithionite-reduced TM1289, TM1533 and TM1815 to catalyze MiaB turnover, as demonstrated in Figure 7 , as well as the low fraction of these reduced ferredoxins upon incubation with dithionite as determined by EPR spin quantification in Figure 8 . While the direct reduction of MiaB by the reductase itself is likely accounting for some of the ms 2 i 6 A formed in these reactions, the rates of methylathiolation are 2-4-fold greater when the ferredoxins are supplied to the reaction as compared to reactions with the reductase alone. This observation leads us to hypothesize that the reductase is indeed capable of reducing even the 2 [4Fe-4S] cluster ferredoxins.
Conclusion
Together, these data hint at a preferential role of some of the ferredoxins (TM0927 and possibly TM1175) for supporting MiaB turnover. We presume that the other ferredoxins play other specific roles in the physiology of Tm. Here, their poor reactivity may be due to specificity or to the diminished ability to be reduced. The redox potential of dithionite is known to vary based on concentration and pH. For example, it ranges from −540 mV at 1 mM to −590 mV at 10 mM, and from −240 mV at pH 5, to −675 mV at pH 9 for 1 mM dithionite. 40 As such, the predicted redox potential of dithionite under the conditions employed was approximately −525 mV. Although studies of the redox potentials of the 2 [4Fe-4S] cluster bearing Tm ferredoxins are absent in the literature, the potentials of similar ferredoxins from Pseudomonas nautica are as low as −715 mV, prompting our interest in the further characterization of the Fe/S clusters of each ferredoxin. 41 In our following paper, we describe their redox characteristics using protein electrochemistry as a means of corroborating the reactivity and spectroscopy reported here.
Materials and Methods
Cloning and overproduction of Tm ferredoxins and ferredoxin reductase
Five genes (TM0927, TM1175, TM1289, TM1533, and TM1815) from the hyperthermophillic bacterium Tm were identified as ferredoxins based on gene function annotation, amino acid sequence alignment, and conserved PFAM domains. 42 The ferredoxin-NADP(+) reductase subunit α (TM1639) was similarly identified from the national center for biotechnology information (NCBI) basic local alignment search tool (BLAST) database. 43 All genes were amplified using the polymerase chain reaction (PCR) from Tm genomic DNA using forward primers containing a 9-nucleotide GC clamp, an NdeI restriction enzyme (RE) site, and the first 24 nucleotides of the gene. Reverse primers contained the last 26 nucleotides of the gene, a translation stop codon, and a NotI RE site followed by a 9 base pair GC clamp (Table II) . The genes were amplified by PCR, and the resulting products were purified by aragose gel electrophoresis according to standard procedures. 44 The PCR products and vector were digested with NdeI and NotI, ligated together, and transformed into Ec DH5 α. The resulting constructs were sequence verified at the Penn State Genomics Core Facility (University Park, PA), then co-transformed into the E. coli BL21 (DE3) expression strain with the pDB1282 plasmid containing genes from the isc Fe/S cluster assembly machinery from Azotobacter vinelandii as described elsewhere. 31, 45 Bacterial cultures were grown at 37 C with 180 rpm shaking in M9 minimal media supplemented with 25 μM FeCl 3 and 100 μg/mL ampicillin and 50 μg/mL kanamycin for selection. At an optical density at 600 nm (OD 600 ) of 0.3, 300 μM of L-cysteine and an additional 25 μM FeCl 3 were added. Additionally, 0.2% (w/v) of L-(+)-arabinose was added to the media to induce expression of the pDB1282 plasmid. At an OD 600 of 0.6, the flasks were cooled in an ice bath for 20 min. Recombinant protein over-production was induced by the addition of 400 μM IPTG to the media, and the cultures were incubated for 16 h at 18 C and 180 rpm prior to harvesting the cells by centrifugation at 6,000 × g for 15 min at 4 C.
Purification and reconstitution of Tm ferredoxins and ferredoxin-NADP reductase
Cell paste was stored in liquid N 2 and brought into a Coy (Grass Lake, MI) anaerobic chamber and thawed in lysis buffer (50 mM HEPES pH 7.5, 300 mM KCl, 10 mM β-mercaptoethanol, 20 mM imidazole) then treated with 0.5 mg/mL PMSF and 1 mg/mL egg white lysozyme for 20 min. The cells were disrupted on ice by sonication in 45 sec bursts for a total of 4.5 min, with 5 min pausing between bursts to maintain the cell suspension temperature. The crude lysate was transferred into centrifuge tubes, sealed with vinyl tape, removed from the anaerobic chamber and subjected to heat denaturation at 75 C for 15 min. Afterwards, the lysate was clarified by centrifugation at 40,000 × g at 4 C for 1 h then returned to the anaerobic chamber. The supernatant was retained and loaded onto Ni-NTA resin equilibrated in lysis buffer, then washed with 100 mL of wash buffer (lysis buffer containing 40 mM imidazole and 10% (v/v) glycerol) and eluted with 50 mL of elution buffer (wash buffer containing 250 mM imidazole). The dark brown and light-yellow fractions were collected for ferredoxins and the reductase containing Fe/S clusters and FAD, respectively. The recovered proteins were concentrated to approximately 2.5 mL using an amicon ultra-15 centrifugation device with a 3,000 NMWL cutoff. The Fe/S clusters of the ferredoxins were chemically reconstituted under anaerobic conditions according to previously published procedures. 31, 46 Similarly, the FAD cofactor of the reductase, TM1639, was loaded by incubating 1 mM of TM1639 with 2.5 mM FAD ox at 37 C for 4 h under anaerobic conditions. The resulting proteins were applied to a pre-poured PD-10 column containing sephadex G-25 resin and exchanged into storage buffer (50 mM HEPES pH 7.5, 300 mM KCl, 1 mM DTT, 20% glycerol) to remove either excess Fe and sulfide or unbound FAD. The [2Fe-2S] cluster of TM1639 was then chemically reconstituted anaerobically in a similar manner as previously described. 31, 46 The ferredoxins and ferredoxin reductase were further purified by size exclusion chromatography using an Akta FPLC purification system equipped with a sephadex S200 16/60 column housed in an anaerobic chamber. The fractions corresponding to monomeric protein were collected, pooled, and concentrated to approximately 3 mL, flash frozen, and stored in liquid N 2 . were applied to determine the Iron and sulfide content was determined using the methods of Beinert et al. and the concentration of FAD incorporated per polypeptide was determined based on molar absorptivity (FAD ox , ε 450 = 11,300 M −1 cm −1 ) and compared against the protein concentration determined by the method of Bradford.
32-34,36
MiaB activity assays utilizing the ferredoxin reducing system
The purification of Tm MiaB and generation of i 6 A tRNA substrate were conducted as previously described. 35 Activity assays monitoring turnover of Tm MiaB using the ferredoxin reducing system as the electron donor were conducted under anaerobic conditions at 65 C. Assay mixtures contained the following in a 100 μL volume: 50 μM Tm MiaB, 150 μM i 6 A tRNA, 1 mM SAM, 73.4 μM Fd, 73.4 μm FdR, 1 mM NADPH, and assay buffer (50 mM HEPES pH 7.5, 300 mM KCl, 5 mM MgCl 2 , and 686 μM tryptophan as an internal standard). Assay mixtures were overlaid with degassed mineral oil in order to prevent evaporation at elevated incubation temperatures. The reducing system consisting of 200 μM ferredoxin, 200 μM TM1639, and 5 mM NADPH, was incubated separately for 1 h at 65 C to pre-reduce the ferredoxin to the one-electron reduced semi-quinone state prior to addition to the assay mixture containing MiaB, tRNA substrate, and SAM that had been equilibrated at 65 C for 5 min. At designated time points, 10 μL of the reaction mixture was withdrawn and quenched in an equal volume of 200 mM H 2 SO 4 , then prepared for LC/MS analysis as previously described. 35 Electron paramagnetic resonance spectroscopy of ferredoxin clusters
Reconstituted ferredoxin samples for EPR analysis were prepared in an anaerobic chamber at ambient temperature (approximately 25 C). Samples contained 400 μM (TM0927), 300 μM (TM1533), or 100 μM (TM1175, TM1289, and TM1815) ferredoxin in 50 mM HEPES pH 7.5, 200 mM KCl, and 10 mM MgCl 2 in a total volume of 300 μL. Reduced samples were incubated with 1 mM sodium dithionite for approximately 15 s prior to transferring the solution into a 3.8 mm quartz EPR tube and freezing by immersion into cryogenic liquid isopentane. Control samples were prepared without reductant. EPR measurements were taken using a Bruker Elexsys E580 X-band spectrometer equipped with an ER 4122 SHQE SuperX microwave cavity, an Oxford Instruments ER 4112-HV helium cryostat and SuperX-FT microwave bridge. Continuous wave (CW) EPR analysis of ferredoxins were taken at 10 K with 0.2 mW microwave power, 10 G modulation amplitude and a 9.48 GHz microwave frequency. Spectra for TM0927 and TM1533 were collected using a receiver gain setting of 10,000, while those for TM1175, TM1289, and TM1815 were collected at 40,000.
